During casting of interstitial free steel, argon bubbles are caught in the solidification front of the steel slab. During downstream processing, these bubbles develop into sub-surface defects called blowholes or pencil pipe defects. Atomic hydrogen can enter the steel in the pickling line and accumulate in the defects, causing an increase of the internal pressure. In the presented study, blowholes are charged with hydrogen both electrochemically and by exposing the blowholes to pickling acid. The pressure and composition of the gas inside the blowholes are determined by opening the blowholes under ultra high vacuum conditions. It is shown that the accumulated pressure is capable of deforming the blowholes plastically, enhancing the visibility of the defects in the sheet. Calculations of the threshold pressure for plastic deformation show to be in reasonable agreement with measured pressures inside the blowholes. Industrial pickling conditions are discussed as well. It is concluded that hydrogen does not influence the blowholes significantly for the considered industrial conditions. Most likely the blowholes become visible in sheet steel at recrystallisation annealing. The final shape of the blowholes is determined by the temper rolling process.
Introduction
Interstitial free steels (IF-steels) are susceptible to the occurrence of blowholes (also called pencil pipe defects). Blowholes are elongated blisters visible at the surface of steel sheets. A typical blowhole is 1 to 3 mm wide, up to 30 cm long and has a height of 10 to 100 mm. The defects have a minor effect on the mechanical characteristics of the steel, but the main drawback is their visibility. Visible blowholes are unacceptable in most applications of IF-steel.
Several studies identified argon to be the origin of blowholes. [1] [2] [3] [4] [5] [6] During casting, argon is introduced into the submerged entry nozzle (SEN) to remove inclusions by flotation, to prevent nozzle clogging and to prevent re-oxidation. Some of the argon bubbles are caught in the solidifying front of the steel slab. These bubbles are located mainly in the so-called inclusion band, located at a depth of 10 to 15 % of the steel slab. The bubbles are elongated during the rolling process, giving them the characteristic pencil pipe shape. Bubbles with large diameters (e.g. 500 mm or more) might become visible in the final product. This class of bubbles comprises only a small fraction of all bubbles present in a typical slab of IF-steel. 7, 8) Some researchers stress the importance of hydrogen in steel production. [9] [10] [11] [12] The hydrogen is presumed to enter the steel somewhere during downstream processing increasing the internal hydrogen pressure at defects present in the steel. These defects could consist of inclusions or indeed of argon filled bubbles originating from casting. The hydrogen accumulates in the blowhole and the hydrogen pressure (additional to the argon pressure) might cause deformation of the blowholes and therefore result in an increased visibility of the defects.
This paper discusses the behaviour of hydrogen in downstream processing and in particular the behaviour of hydrogen at pickling. Samples containing a blowhole are charged with hydrogen by electrochemical means or by exposing the samples to pickling acid. The swelling of the blowholes is measured by taking height profiles. The blowholes within the charged samples are mechanically opened under vacuum conditions, providing information about the amount and composition of the gas inside the blowholes. The case of plastic deformation is discussed using a simple model and compared with the experiments. Finally, conclusions are drawn for the industrial pickling process.
Experimental Set-up and Procedure
Samples were taken from three commercially available IF-steel sheets containing blowholes.
The 8 samples are labeled as follows: A and B from sheet I, C and D from sheet II, and E through F from sheet III. Table 1 gives a typical composition of the examined steel. The samples were cut using a blunt knife edge, sealing the blowhole vacuum tight. Using this method, it is possible to prepare a number of samples from one sheet each containing a part of the original blowhole. 1) The samples are charged with hydrogen using two methods: 1) electrochemical charging and 2) exposing the sample to a pickling acid. The electrochemical charging was performed at room temperature using a 0.1 M NaOH solution. The sample served as cathode and a platinum grid positioned opposite to the sample acted as anode. A constant current density of 20 mA cm Ϫ2 was used. The hydrogen charging with an acid was performed using 20 mass% hydrochloric pickling acid. The acid is taken directly from the pickling line at Corus IJmuiden (including pickling inhibitor). The temperature of the acid was kept constant at 85°C.
The electrochemical method was used to show deformation resulting from accumulation of hydrogen in the blowhole. Due to the low temperature and the lower efficiency (compared with pickling), the charging process is slow and therefore easy to control. Another difference is the charging time: the electrochemical method does not dissolve the steel surface and can be pursued for periods of one day or more. Because of etching effects the maximum pickling time is limited to about 10 min.
Before and directly after charging, height profiles of the samples were taken using a UBM laser profile meter. This method gives a height resolution of 60 nm. Recording a height profile over an area of 4ϫ15 mm (with a lateral resolution of 20ϫ100 mm) takes about 30 min. Directly after taking the scan, the samples are stored in liquid nitrogen preventing hydrogen permeating out of the samples.
The samples are analyzed by opening the blowholes in a closed vacuum chamber. After removing a sample from the liquid nitrogen, the sample is cleaned in ethanol, dried and placed in the above-mentioned ultra-high vacuum set-up. The sample is mounted in a sample holder shown in Fig. 1 . The sample is kept in its place by a spring and a screw for adjustment. The sample is slightly tilted to make sure that the piercing tool hits the blowhole. This tool is capable of opening blowholes at a depth of about 100 mm. Blowholes located at a larger depth are opened using a drilling tool. A description of this vacuum drill and more details about the set-up are given elsewhere. 6) After pumping a background pressure in the closed volume of about 10 Ϫ5 Pa is attained. At the moment the blowhole is opened by the tool, the gas inside the defects is released into the vacuum chamber. A membrane manometer records the sudden increase of the pressure in the chamber. Subsequently, the gas is expanded to a separate well-defined storage volume. Gas samples are taken from this storage volume for mass-spectrometric analysis. The components of the gas are identified by taking a mass scan of a sample of the gas using a quadrupole mass spectrometer. This identification procedure is followed by a quantitative determination of the components. In this procedure the response of the mass spectrometer, set at a certain mass, on pulses containing known fractions from the stored gas is recorded. This "pulse-method" is performed while pumping the vacuum chamber containing the mass spectrometer. During this procedure the pressure remains low and background effects such as outgassing of the spectrometer's filament or non-linearity of its signal are avoided. The analysis method is described in more detail elsewhere in literature. 2, 6) After identification of the gases from the blowhole, the sample is removed from the set-up. The blowholes are opened, and the interior is examined by Scanning Electron Microscopy (SEM).
Precipitates present at the inside of the blowholes were identified using Energy Dispersive X-ray Analysis (EDX). Scanning Electron Microscopy is also used to determine the depth of the blowholes, by measuring the height difference between the focal point at the surface of the steel sample and the bottom of the blowhole, respectively. In addition, the laser height profile meter has been used to measure the depth of the blowhole.
Results

Electrochemical Charging
Four samples (A-D) were taken from two steel sheets (I, II) containing a blowhole, A and B were taken from one sheet, C and D from the other. The samples were charged electrochemically with hydrogen at room temperature. The charging times varied from 12 to 24 h. The process was monitored with a CCD-camera. It was noticed that all samples seemed to show a sudden increase in the height of the blowholes after about 8 to 10 h of charging. Figure 2 shows a profiling scan of sample C charged electrochemically with hydrogen for 12 h and 15 min. The figure shows three features:
(1) The right part of the blowhole swells significantly, from a maximum height of 60 mm up to a height of 220 mm. All electrochemically charged blowholes showed an increase in the maximum height by a factor of 3 to 7. Table 1 . Typical composition of the examined steels (mass%). Maximum heights and other features are given in Table 2 .
(2) Some parts of the blowholes were hardly visible before charging. In another sample even an invisible part of the blowhole became the highest point of the charged sample. Apparently, extensive charging with hydrogen can make invisible blowholes appear.
(3) The upper left part of the sample shows a spot with no apparent blowhole before charging and with a blisterlike defect after charging. The defect was rendered invisible during the steel processing, but probably an inclusion or an argon filled in cavity acted as a seed for the formation of a circular blister. This sample is the only specimen showing this feature.
Pickling
Samples E-H are taken from an additional steel sheet (III) and are exposed to pickling acid taken from the pickling line of CORUS. The pickling times varied from 1 to 10 min. The pickling acid was kept constant at a temperature of 85°C. Figure 3 shows the height profile cross-section of sample G before and after exposing the sample to pickling acid for 5 min. The behaviour of the defect is less spectacular than for the electrochemically charged samples, but the visibility of the defect is still considerably enhanced. The maximum Table 2 . Dimensions of the blowholes before and after charging with hydrogen electrochemically or by exposure to a pickling acid. height increases by about 50 % from 37 to 58 mm. The samples E-H showed an increasing swelling for increasing pickling time. An overview of the behaviour of the samples is given in Table 2 . This table also shows the depth of the blowholes as determined by the SEM and the laser profile meter after opening the blowholes for internal inspection.
Gas Pressure and Composition of the Blowholes
For all charged samples the total pressure and gas composition was determined by piercing the blowholes under vacuum followed by the analysis method as discussed before. The results are given in Table 3 .
Hydrogen: In general a considerable amount of hydrogen was found in the electrochemically charged blowhole samples: 137 bar maximum. The pickled blowhole samples showed amounts of 23 bar or less additional to the argon present.
Argon: From the measured final pressure of argon as given in Table 3 and the volume ratio of the blowholes after and before charging the initial pressure is calculated from Table 2 as shown in the last column. The pressures vary from 5.3 to 19.3 for samples A, B, and D, and from 25 to 29 bar for E, F, G. This pressure is determined by the processing of the steel and in particular (as will be discussed in Sec. 4.5) by temper rolling. The pressure in a blowhole in the final product depends on the geometry and depth of the blowhole (and therefore indirectly by the size and depth of an argon bubble captured at casting). As can be seen in the table blowholes with a larger height/width ratio (and therefore a larger R in the equations) or at a relatively large depth, will contain a higher pressure than shallow blowholes or blowholes with a relatively small height.
Samples E, F, and G are at larger depth than A, B, and D and show therefore higher pressures: 25-29 bar vs. 5.3-19 bar. In addition samples A, B, and D have also a larger width than E, F, G giving rise to a lower pressure. Sample A might have a higher than expected pressure because of the cutting process during preparation. The volume of the blowholes is somewhat decreased in this routine. This will result in a somewhat larger value of the initial argon pressure. Based on the height profile of the blowholes, we estimated that this effect is negligible (0 to 5 %) for most blowholes. Only the blowhole of sample A was relatively small and positioned close to the cutting edge. The exact influence of the cutting routine is difficult to estimate, but the decrease of the volume might be up to 50 %. No argon was found in sample H, presumably this sample was opened during the etching procedure or at the cutting of the sample.
Precipitates Inside the Blowholes
All the blowholes which were examined using EDX (A-D) showed inclusions at the inside of the blowholes, with a typical size of 1 to 10 mm in diameter. Samples A and B (taken from sheet I) showed large amounts of inclusions aligned in the length of the blowhole, mainly consisting of Al 2 O 3 . The blowholes from sample C and D showed only few Al 2 O 3 -inclusions with some traces of Ca and Ti. This observation clearly suggests that the blowholes were formed at the casting process as opposed to formation during processing, e.g. by pickling. During casting, argon is introduced to remove Al 2 O 3 -inclusions by flotation. If argon bubbles develop into blowholes, it is to be expected that blowholes contain this type of inclusions.
Discussion
Fundamental Hydrogen-Steel Interactions
Hydrogen can be in contact with the steel in a molecular or atomic state. The potential energy diagram for both cases is given in Fig. 4 . This figure shows the large energy difference between an atom in the atomic and the molecular state in vacuum outside the steel. The dissociation energy of a hydrogen molecule is 2.3 eV per hydrogen atom. 13) Hydrogen molecules at the surface dissociate more easily and inside the bulk of the steel molecular hydrogen is nonexistent. Molecular hydrogen can be formed only in cavities or voids. Hydrogen atoms originating from molecular hydrogen have a positive energy of solution (0.3 eV) 14) in iron; atomic hydrogen has a negative energy of solution. The migration energy in pure a-iron is about 0.08 eV. 15) In processed steel the effective energy for migration can be much higher due to trapping at grain boundaries, impurities and defects. -complex), to the interstitially dissolved state E S,atomic , and the activation energy for migration of interstitial hydrogen E M are indicated. A number of other processes are shown: aϩb) recombination from atomic hydrogen to molecular hydrogen via the steel surface, c) absorption of hydrogen directly from the atomic state, d) absorption of hydrogen from the surface, and e) migration. Table 3 . Gas pressure and composition of the blowholes after exposure to hydrogen.
Hydrogen-Steel Interactions at Downstream Processing
Let us consider the possible hydrogen-steel interactions during downstream processing. Hydrogen is in contact with steel at most steps in processing, often at elevated temperatures. Examples are reheating and annealing, where the steel is exposed to a gas containing hydrogen. Hydrogen is unlikely to influence the visibility of the blowholes during these processes for several reasons:
(1) For millimetre-sized voids the equilibrium pressure of a gas inside a void is equal to the partial hydrogen pressure outside the slab/sheet containing the void. The maximum pressure attainable is equal to the partial hydrogen pressure outside the steel, which is a mere 1 bar or less.
(2) At high temperatures the permeability of hydrogen through IF-steel is high and the cooling rate of the steel slab/coil is usually low. Due to the combination of a high permeability and the low cooling rate, the thermal equilibrium of the gas inside the void and the partial hydrogen pressure outside the slab/sheet is maintained at cooling. During these processes, no high pressures can be expected in cavities.
Only quenching or coating the steel with a non-permeable layer (such as in hot dip galvanizing) could provide a non-equilibrium pressure inside a void. During cooling the hydrogen will have to accumulate in cavities, since it is not capable of permeating out of the sample. This process might enhance the visibility of existing defects by plastic deformation due to internal pressure increase.
After hot rolling, the steel is pickled to remove the oxide scale. At pickling the steel is exposed to atomic hydrogen at low temperatures. Oxides as well as iron dissolve and hydrogen atoms are formed. Since atomic hydrogen has a high energetic state it will either enter the steel matrix or recombine at the surface to form molecular hydrogen. In Fig. 4 these steps are indicated by c (directly entering the steel) and step a followed by b (entrapment at the surface followed by recombination) respectively. In this process a cavity (and other traps) will act as a sink for the hydrogen atoms which dissolved in the steel matrix. The potential energy level of the trapped hydrogen is the lowest possible energy state. It has been shown that the equilibrium hydrogen pressure during etching inside the void could be as high as 1 GPa. 17, 18) 4.3. Pressure Build-up in the Blowhole during Hydrogen Take-up The rate of hydrogen pressure increase can be approximated by the permeation flow that will be established through the blowhole lid. Permeation measurements showed at 80°C a steady state permeation flow of 5ϫ10 17 atoms H m Ϫ2 s Ϫ1 through 0.8 mm thick samples at 73 A m Ϫ2 electrical current density. 19) For pickling the permeation flow can be ten times higher. It is not straightforward to translate these values to the case of thinner foils. At room temperature permeation is often dominated by surface recombination reactions rather than by diffusion, resulting in non-linear scaling behavior with thickness. The samples used for the permeation experiments are taken from sheet steel and their surfaces have been exposed to air and all steps in processing. Despite the cleaning procedure before mounting the samples it is not to be expected that these surfaces are clean on an atomic scale. For the internal surfaces of the blowholes, surface conditions might be rather different, these inner surfaces have only been exposed to argon and hydrogen and it is to be expected that these surfaces are atomically much cleaner. If the surfaces are cleaner, the activation energy for recombination is lower and therefore the recombination faster. This would lead to a much larger than linear increase of the permeation flow compared to hydrogen permeation measurements through steel samples. These effects are illustrated by a simple exercise, calculating the pressure build-up in a blowhole based on permeation experiments.
In the pickling process a steady state permeation flow 17) of about 2ϫ10 18 molecules m Ϫ2 s Ϫ1 was measured for a 0.8 mm thick IF-steel sample exposed to 20 wt% HCl acid at 80°C. Assuming diffusion-limited permeation this flow should scale with the inverse of the thickness. Consequently a blowhole at 150 mm depth is exposed to a 5.3 (ϭ800/150) times higher hydrogen flux. The blowhole in sample G has a surface area of 13 mm 2 and a volume of 0.37 mm 3 after exposure to the acid. Taking the expected hydrogen flux, it can be calculated that a hydrogen pressure of 4.6 bar has to be accumulated during 5 min exposure. However, a pressure of 23 bar is measured. In this case the internal surface conditions of the blowhole account for a difference in the measured and expected hydrogen pressure of a factor 5.
Deformation
Upon filling the blowhole will be pressurised and stress will be induced in the blowhole lid. The lid will be strained, resulting in an increased height of the blowhole. At first the deformation will be elastic with a stress-strain curve described by: with stress s, strain e and a Young's modulus E of 210 GPa.
According to Timoshenko 20) the stress is not uniform and will be maximum in the centre of the blowhole lid. As soon as the strain exceeds the elasticity limit of 0.07 % at a stress of sϭ150 MPa the lid will start to deform plastically. Increasing the pressure the deformation of the lid will become fully plastic. In this case the stress in the lid will be uniform. 21) For blowholes with a uniform stress it can be derived that: The approximation of the blowholes by a segment of a cylinder or a sphere is supported by the analysis of the shapes in Fig. 3 . It seems that a circle segment approximates the shape rather well. A sketch of a blowhole crosssection is given in Fig. 5 . The radius of the circle can be calculated by the experimental values for the height h and the width s 0 of the blowhole by Rϭ{h 2 ϩ(s 0 /2) 2 }/2h. From this radius R and width s 0 , the strain is calculated by solv-
ing the following set of equations: eϭ(sϪs 0 )/s 0 ; sϭ2Ra and sin aϭs 0 /2R. The radius and strain for the measured blowholes are given in Table 2 .
In order to become visible, all blowholes had already been strained during recrystallisation annealing and subsequently at temper rolling. This is discussed further in Sec. 4.5. For visible blowholes the deformation of the blowhole lid at temper rolling is well over the limit for elastic behaviour of 0.07 % deformation. Therefore it makes sense to apply the model for plastic deformation as given in Eq. (2a). Figure 6 shows the pressures as calculated by Eq. (2a) as a function of d/R, the lid thickness divided by the radius of curvature. The experimental points are plotted as well. As can be seen the experimental values of p show a linear relation with d/R. The model seems to give a lower value of the pressure needed for deformation. Several causes of this underestimation can be identified:
(1) Increasing the stress needed for deformation to 350 MPa gives the best result for fitting the experimental points with Eq. (2a). We take 150 MPa to be the most reasonable value for soft annealed IF-steel. As will be discussed in Sec. 4.5 the steel is temper rolled after annealing. The deformation of the bulk is about 1% and has no significant influence on the stress needed for deformation. However, the deformation of the lid might be much more. Since the blowhole rises above the surface of the sheet, the blowhole will be flattened resulting in a high deformation. One should also note that due to friction the deformation of the surface is always higher than the bulk deformation. The deformation of the lid can be in the order of a few percent and will harden the lid to some extent. A stress needed for deformation of about 200 MPa might be a better value than the value of 150 MPa for soft annealed steel.
(2) The model assumes an infinite elongated cylindrical blowhole, but in practice the samples are far from infinite. To give a full description of the deformation behaviour of the blowholes numerical simulations should be performed taking the exact shape of the blowhole into account. However, some indications for this shape-correction can be given. The first observation is the comparison of the threshold value for deformation of a cylindrical and spherical blowhole in Eqs. (2a) and (2b). If a blowhole wouldn't be elongated at all, its shape would be spherical and a two times higher pressure is needed for deformation. Thus a shape correction as high as 100 % is possible for extreme cases. To estimate the influence of the shape we will discuss the following geometries. Consider first an infinite half-pipe on a flat surface (called xy-plane, height is the zdirection), with an internal pressure causing a uniform stress distribution. It can easily been shown that the total force into the z-direction due to the pressure equals the pressure p times the surface S of the projection of the half pipe on the xy-plane. For our half pipe the surface S will be equal to two times the radius R times the (infinite) length l of the half pipe. Thus: F pressure ϭp · 2 · R · l. The force in the zdirection has to be "carried" by the walls intersecting with the xy-plane. This downwards force equals 2 (for the two sides) times the length l of the halfpipe, times the wall thickness d times the stress s · F stress ϭ2 · l · d · s. Since the forces are in equilibrium it follows:
Since the blowholes can be described as a part of a half pipe the stress in the wall of the blowhole can also be calculated using Eq. (2a). This can been shown mathematically, but it follows also directly from the uniform stress assumption. For a half sphere with radius R and using the argument as stated above it can be seen that F pressure must equal pR 2 p and F stress ϭ2pRs, yielding Eq. (2b). Thus if, the pressure in a blowhole with a spherical shape would be calculated using Eq. (2a) (the infinite half-pipe estimation) the calculated pressure would be a factor 2 (or 100 %) too high.
We found that the considered blowholes could not be assumed to be (parts of) infinite half-pipes nor of halfspheres. The blowholes with a low (about 3) length-width ratio, samples E-H, were best described by an ellipsiodal shape. The long blowholes (ratio about 7; samples A-D) were best described a half-pipe with the ends encapsuled by a half-sphere. Taking the geometry of the blowholes into account and using similar arguments as above it is calculated that the pressure as calculated by Eq. (2a) must be about 50 % and 10 to 20 % too high for the respective blowholes.
(3) The volume of the blowholes (and therefore the pressure) is calculated by integrating the height profile. Cross-sections taken by SEM of extremely deformed blowholes 1) give reason to believe that the integration method is a reasonable assumption. However the method could be less accurate for blowholes with a small height.
As can be seen in Fig. 2 , sample C showed an interesting feature: a more or less spherical blister occurred after exposure to hydrogen. This observation can be used to validate the theory for a spherical blister. A value of the pressure in the blister can be estimated since the elongated blowhole had exactly the same hydrogen exposure. The volumes are taken to be equal to the surface integrated height profile. The exposed area is taken to be equal to the projected area on the xy-plane of the swollen part of the blowholes. This data is easily retrieved from the height profile measurement data. The ratio of the exposed area of the blister and blowhole is about 1 : 100 and the ratio of the volumes is about 1 : 800. The elongated blowhole contained 66 bar of gas. Assuming that this gas was 100 % hydrogen, it can be calculated that the spherical blister contained about 500 to 600 bar of hydrogen. Applying Eq. (2b) (radius 1.36 mm, lid thickness 150 mm) yields a value of 330 bar needed for the formation of this blister. So also in this case the theory seems to underestimate the real pressure needed for deformation.
On conclusion one could say the model seems to give a reasonable value for the pressure in blowholes needed for deformations, though we note that the value given by the model underestimates the real pressure. The shape of the blowhole should give a correction of 10 to 50% for the considered blowholes. Also a value for s of 150 MPa might be about 50 MPa too low due to hardening of the blowhole lid at the temper rolling process.
Considerations about the Industrial Pickling Line and the Behaviour of Blowholes
This study showed that due to pickling processes the internal hydrogen pressure in blowholes rises. This increase in pressure is capable of deforming the blowhole, thus enhancing its visibility. Obviously, the following question arises: does this also happen in industrial pickling? We will discuss this question with the pickling line of Corus IJmuiden in mind. Possible differences with other pickling lines will be indicated. It is difficult to discuss the implications for pickling lines in general, as all pickling lines operate under different conditions.
The first factor to be taken into account is the use of pickling inhibitor. Figure 7 shows the steady state permeation flow of hydrogen through a sample exposed to HCl containing different concentrations of a pickling inhibitor. The experiments were performed at 80°C; the sample was a 1 mm thick IF-steel sample. The permeation flow is normalised to the flow of hydrogen caused by inhibitor-free acid. From the figure it can be seen that inhibitor plays a large role in the amount of hydrogen permeating through the sample. The pickling acid used for these hydrogen charging experiments is directly taken from the pickling line. Therefore we assume these experiments to be typical for the line at Corus IJmuiden. General considerations are difficult to give; type and concentration of inhibitor used vary considerably from pickling line to pickling line.
A second aspect to be considered is the pickling time. The exposure times in the experiments using pickling acid are in between 1 and 10 min, deformation occurs only after at least 2 min exposure. The average exposure time in the considered pickling line is 40 s. This is not enough to build up a high internal pressure. Only in cases of line stoppages a significant build-up could be expected.
A third observation is that the samples used for these experiments are taken from the final product. This sheet is a factor 3 to 4 thinner than the hot rolled steel sheet at the pickling line. Assuming diffusion-limited permeation, which means fast processes at the steel-acid interface and at the internal surface of the blowhole compared to the diffusion process, this would result in: 1. A hydrogen flux proportional to the inverse of the lid thickness, so a 3 to 4 times smaller pressure build-up. 2. A longer delay for the hydrogen to reach the blowhole (this point is discussed later in more detail). Surface-limited permeation would lead to the same observations to a somewhat smaller extent.
The last observation to be made is the type and concentration of acid. Elsewhere 17) permeation experiments of hydrogen permeation through IF-steel are presented. The samples are exposed to hydrochloric acid of 10 and 20 mass% (20 mass% is the approximate concentration used at the considered pickling line), varying the temperature between 0 and 80°C. The concentration appeared to be an important factor. The permeation flow at the 20 mass% concentration was a factor of 2 higher than the flow using a 10 mass% solution. The type of acid proves also to be important. In some industrial pickling lines sulphuric acid is used. For sulphuric acid pickling, the hydrogen permeation flow inside the steel could be a factor 3 to 4 higher than the steady state permeation using a comparable concentration of hydrochloric acid. 22) Calculations are performed to predict the hydrogen pressure build-up in blowholes in the industrial pickling line. In the calculations the pickling conditions are assumed to be as follows: 1. exposure to 20 mass% HCl; 2. 40 s exposure to pickling acid; 3. a sheet thickness of 3.5 mm; 4. the blowhole located at 15 % of the thickness of the sheet; 5. a blowhole height of 0.1, 1 or 10 mm.
The model assumes a hydrogen flow to the blowhole which is based on results of etching experiments of IF steel by Dankert et al. 17) It appears that the hydrogen flow by etching can be described by an equivalent pressure of 10 kbar hydrogen outside the membrane. The diffusivity of hydrogen is taken from permeation experiments. The data yield a time-lag of 600 s at RT for hydrogen permeation through 1 mm IF steel. In permeation experiments the time-lag is the time it takes to reach 0.617 of the steady state permeation flow. For thinner membranes, like the material separating the blowhole from the surface of the sheet the timelag can be calculated, assuming proportionality of the timelag and the thickness of the steel squared. If a blowhole is assumed to be at a depth of 15 % of a 3.5 mm thick steel sheet, the time lag would be about 165 s. Figure 8 shows the results of the calculations. With time first a flow of hydrogen will be established to the blowhole, then the blowhole will be pressurized. This will cause the pressure build up to slow down. Also gas will permeate to the other side of the sheet. The gas build up is much slower when the blowhole height (or blowhole volume) is larger.
Since in the pickling experiment the average exposure time is only 40 s, there will never be a large steady state permeation flow towards a blowhole in hot-rolled steel.
The occurrence of blowholes in this type of steel is a fact of life. If pickling is not attributing to an enhanced visibility the cause should be found somewhere else in the production process of IF-steel. Assuming that the blowholes are caused by argon filled cavities, high temperature processes are likely causes for an enhanced visibility of these defects. At these processes the pressure in the cavity rises and the strength of the material decreases. From all annealing processes, recrystalisation annealing is the most likely cause. At this stage of the production process, the lid of the blowhole is the thinnest. This observation is supported by the fact that blowholes are almost always detected in the final product and not in the steel while processing. This is illustrated by defining a "fraction". This value gives the amount of gas that would be needed to create a blowhole of the same dimensions as a blowhole in the final product. For this fraction equation, Eq. (2a), is used (with a constant R), with the stress and lid thickness of that production step. The temperature is also taken into account, at a higher temperature a smaller amount of gas is needed to obtain the same pressure. From this "fraction" value, it can be seen that at hot rolling and especially at recrystalisation annealing it is easy to create blisters. Only a very small amount of argon is needed to create a blister with the dimensions of the blowhole in the final product.
It is seen in the experiments that the argon pressure for the blowholes in the final product is about 5 to 30 bar. For high temperature processes a hydrogen pressure of zero is assumed. Taking a blowhole, at a depth of 0.1 mm, the following table can be compiled. Equation (2a) can be used to determine the threshold value for deformation of the samples at recrystallisation annealing. Using the values of Table 4 for the stress, thickness of the lid and radius of the blowhole before loading, values of 5 to 15 bar for samples A-D and 12 to 18 bar for samples E-H needed for deformation are found. These values are equivalent to a 5 to 6 bar argon pressure at room temperature.
However, after the recrystalisation annealing process the sheet is temper rolled. During this process the overall reduction is about 1 %. The exact behaviour of the blowholes during this process is unknown; the most likely behaviour is sketched in Fig. 9 . As discussed, the blowhole will have a significant height after recrystallisation annealing.
During temper rolling the first part of the blowhole will be flattened completely. The gas from this part of the blowhole will be transferred to the remaining part of the blowhole. The increased pressure might even result in extra deformation of this part of the blowhole. At some point the pressure in the blowhole will reach a high value and the gas will somehow be released into the flattened part of the de- Table 4 . The history from bubble to blowhole for gas inclusions in steel during the different process steps after casting. Gas content, location, temperature, pressure and stress are given for the different steps.
fect. The blowhole will swell to some new height. This height will be in equilibrium with the conditions at temper rolling and thus the height will be much less as the initial height before the rolling process (determined at recrystalisation annealing). A number of observations can be made for this process:
(1) The blowhole lid will be deformed to some extent, which will harden the material. As discussed a large part of the blowhole will be flattened first and will later increase in height again. The deformation of the lid for this flatteningrising behavior of a typical blowhole is calculated to at maximum 2 %. An increase of the tensile strength with about 30 to 50 MPa could be expected for this deformation. However, during rolling some parts of the blowhole might have increased in height before being flattened. The deformation of the blowhole lid might be significantly higher in these parts of the defect.
(2) All blowholes in the final sheet are plastically deformed; the limit for plasticity of 0.07 % deformation is due to the flattening and subsequent swelling always reached for blowholes with typical dimensions.
(3) After temper rolling, the pressure in the blowholes is in equilibrium again for the rolling conditions (e.g. room temperature). Consequently every increase of the internal pressure will result immediately in an increase of the height. This is in line with the experimental observations. Samples F and G showed even with relatively small amounts of hydrogen in addition to the present argon pressure an increased visibility.
Conclusions
The effects of hydrogen exposure at ambient temperature of steel with surface imperfections have been studied by laboratory scale experiments employing electrochemical hydrogen charging and pickling. It was shown that sufficiently high exposures lead to swelling of pre-existing blowholes and that invisible defects give rise to formation of blisters. A model for the evolution of these swelling effects is in agreement with plastic deformation of the blister lid due to the tensile stresses developing by accumulating of gas to high pressures in the blowhole or blister volume. The cylindrical or spherical shape of the deformed blowholes and blisters is in accordance with the model. Also a prediction of the amount of hydrogen accumulated in the blowhole on basis of permeation experiments for steel sheets yields values which are considerable lower than measured. Most likely the internal permeation flow from the outer surface to the inner surface of the blowhole is much faster due to enhanced recombination at the latter surface because of its cleanness.
Further study is required to establish which of the assumptions is valid. The experiments have shown that electrochemical charging can be used to make defects visible. Furthermore, it was established that in industrial pickling lines the exposures are too low to cause swelling effects.
© 2002 ISIJ Fig. 9 . Suggested behaviour of a blowhole at rolling. The first part of the blowhole will be flattened while the argon pressure in the other (left) part increases. At some point the gas is redistributed in the blowhole and a new equilibrium height is reached. For clarity the figure is not in scale, in reality the rolls are much larger and the blowhole much smaller as compared to the sheet thickness.
